In the present work, a plasma wind tunnel using magnetic nozzle was developed and the flow characteristics were investigated. With stronger magnetic filed applied, the plasma flow was more compressed and squeezed in the radial direction, and elongated downstream, which was obviously confirmed by the captured images. The axial distributions of translational, rotational, vibrational, electronic excitation, and electron temperatures were measured by emission spectroscopy. Translational and rotational modes were in equilibrium, and their temperatures decreased downstream. The vibrational mode and electron translational mode were almost frozen. It was experimentally confirmed that the equilibrium or nonequilibrium phenomena occurred in magnetic nozzles in the similar way as seen in conventional solid nozzles.
Introduction
Magnetic nozzle can be defined as flow channel which nonintrusively accelerates plasma flow by applied magnetic field. One application of magnetic nozzle is flow acceleration in plasma thrusters or plasma wind tunnels. Compared with acceleration by a solid nozzle, nonintrusive acceleration will decrease the heat loss, which leads to larger thermal efficiency and longer lifetime of facilities. Another advantage is flexibility. Variation of the applied magnetic nozzle permits nonintrusive control of plasma flow properties at the exit.
To the present, the interactions between magnetic nozzles and plasma flows have been widely studied [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In these magnetic nozzles, the flow boundaries are determined by the balance between the plasma static pressure and the magnetic pressure. Such flow boundaries made nonintrusively by the magnetic field are considered to play a role similar to the conventional solid nozzles, and to accelerate the plasma flows.
In the case of conventional solid nozzles, thermal and chemical nonequilibrium flows can be produced when their relaxation times are larger than the flow characteristic time. However, whether these relaxation or nonequilibrium can be also observed in magnetic nozzles has not been investigated yet. This investigation will enable further comparisons between solid nozzles and magnetic nozzles, and better understanding of the characteristics of the magnetic nozzles.
The thermal nonequilibrium was focused in the present study. The objective of this work is to investigate the thermal nonequilibrium of the plasma flow in the magnetic nozzle. The axial distributions of translational, rotational, vibrational, electronic excitation and electron temperatures were measured nonintrusively by emission spectroscopy. The thermal nonequilibrium was discussed using the experimental results. Figure 1 shows the experimental apparatus used in the present work. This is the plasma wind tunnel developed to simulate the high-altitude flight of probes entering the atmosphere of outer planets 13) . Plasma was produced by using inductive heating at low pressure. A quartz tube with an inner/outer diameter of 46/50 mm was surrounded by 4 turns of a water-cooled coil. A radio-frequency (RF) power supply operating at a frequency of 13.56 MHz and the maximum output power of 2 kW was connected to a matching network that cancels the power reflected from the plasma. Hydrogen was used as a test gas, which was regulated by using a mass flow controller and was injected through two opposing ports. Downstream of the RF coil was a direct current (DC) coil, which was connected to a DC power supply that had the maximum current of 256 A and the maximum power of 7.5 kW. This DC coil was made by wrapping 3-mm diameter cupper tube around the quartz tube. The cupper tube was water-cooled inside. This DC coil generates a DC convergent-divergent magnetic field that affects the plasma flow and is expected to work as magnetic nozzle. RF and DC coils are shown in Fig. 2 .
Experimental Setup

Plasma wind tunnel
In this work, the mass flow rate and the input power were fixed as 4.2 × 10 -7 kg/s and 1 kW, respectively. The values of the pressure gauges 1 and 2 were 8.0 Pa and 1.3 Pa. The current passing through the DC coil was varied as 0, 25, 50, and 100 A. The obtained DC magnetic field in the case of 50 A was 35 mT at the center of the DC coil. It was confirmed that the produced magnetic field strength was proportional to the DC current passing through the coil. β value, which is defined as the ratio of plasma static pressure to magnetic pressure, is 2×10 -2 , when the current was 50 A and the value of the pressure gauge 1 was used as the representative pressure. Figure 1 also shows the optical system in the emission spectroscopic method. The measurement point was determined by the lens system installed in front of the spectrometer. The emission focused by the lens was directed into the spectrometer (Hamamatsu, PMA-50) through an optical fiber. Three gratings were used, one for the translational temperature and another for the rotational, vibrational, and electron temperatures, and the other for the electronic excitation temperature, as shown in Table 1 . The exposure time for a single sample depended on the emission intensity of the measurement point. During all measurements, temporal variation in the emission intensity was within ±3 %, indicating stable plasma flow. The measured data were obtained by averaging 4-10 samples. 
Optical system
Plasma Diagnostic Method by Emission Spectroscopy
Translational temperature
Translational temperature of hydrogen atom was determined by the spectral fitting of the Balmer H β line. In our experimental condition, Stark broadening, Zeeman broadening, and natural broadening are negligible.
Instrumental broadening was determined by using an atomic line of Xe I 482.9708 nm emitted from a calibration lamp. In our spectroscopic system, the instrumental function f inst can be written as: (1) where σ=6.795×10 -3 and α=5.508×10 -3 . λ 0 is the center wavelength. The instrumental function is shown in Fig. 3 .
Spin-orbit coupling splits the degenerated energies into seven energies in the case of H β line. H β line detected by a spectrometer is the sum of these seven components called fine structures. They are shown in Table 2 . Relative intensity of each component was calculated using the same method that Condon and Shortley used 14) .
A Doppler broadened line has a Gaussian shape, and its full width at half maximum is given as follows:
As a result, the H β line could be calculated as a function of only translational temperature, taking into account instrumental broadening, spin-orbit coupling, and Doppler broadening. The spectral fitting of H β line determines the translational temperature of hydrogen atom, which is assumed to be equal to that of hydrogen molecule. 
Rotational, vibrational, and electron temperatures
The rotational and vibrational temperatures of hydrogen molecule at ground state, and electron temperature were determined by line intensity fitting of Fulcher-α band of hydrogen molecule developed by the authors 15) . Fulcher-α band is shown in Fig. 4 . A detailed description is seen in the previous work by the authors 15) , and then a brief explanation is given below.
Fulcher-α band spectra are in the range from 590 to 640 nm. From the band spectra, we extract ten lines with high emission intensity and no interference by other lines, and specify those temperatures by their intensity fitting.
Assuming corona equilibrium, the emission intensity of Fulcher-α band is given as follows:
The emission occurs when the hydrogen molecule transits from Fulcher upper state to Fulcher lower state after being excited from the ground state to the upper state. Σ means taking the summation for the possible rotational and vibrational quantum numbers at a respective state.
Assuming the Boltzmann distribution on the ground state and estimating the excitation rate coefficient on the basis of quantum mechanics, the theoretical spectra given by Eq. (3) are calculated as a function of rotational, vibrational, and electron temperatures. These three temperatures are variables, and we identify the temperatures, by which the calculated spectra reproduce the experimental data with the best accuracy. The error bars are obtained by considering the errors at optical measurement and fitting. Fig. 4 . Fulcher-α band spectra
Electronic excitation temperature
Electronic excitation temperature of hydrogen atom was determined by Boltzmann plot method. Assuming Boltzmann distribution for the excited levels, the following relationship is formed:
By plotting the left side of Eq. (4) against E 2 , the electron excitation temperature can be calculated from the slope of the plot. The electronic excitation temperature of hydrogen atom was determined using three of Balmer lines, H α , H β , and H γ . Figure 5 shows the emission patterns of the plasma flow with the DC current of 0, 25, 50, and 100 A. As seen in Fig. 5 , the increasing values of applied DC magnetic field represented the increasing effect on the plasma flow. The plasma flow was more compressed and squeezed in the radial direction by the magnetic pressure. As a result, the plasma flow was more elongated downstream.
Experimental Results
Emission patterns
Temperature distributions
The examples of H β spectral fitting and Fulcher-α band line intensity fitting are shown in Figs. 6 and 7 . Both figures show the experimental data and the calculated spectra are in good agreement.
The axial distributions of translational, rotational, vibrational, electronic excitation and electron temperatures are shown in Figs. 8-12. Between x=483 mm and x=580 mm, no emissions could be detected because of the presence of the tube support and the DC coil. The position x<483 mm is plasma generation part, and the position x>580 mm is plasma acceleration part by magnetic nozzle. The fair uniformity of these temperatures in the radial direction was already confirmed by Abel inversion 16) in the region where the emission was observed. Therefore, Abel inversion was not done for the data shown below. Figures 8 and 9 show the translational and rotational temperatures have similar values. It suggested the translational-rotational equilibrium, which is considered to be reasonable because the adjustment of translation and rotation requires relatively few collisions 17) . Both translational and rotational temperatures decreased downstream. The decrease of these temperatures in the downstream direction implies that some part of the translational and rotational energies is converted into the flow kinetic energy. Increasing DC magnetic field caused the increase in the translational and rotational temperatures. The reason is expected to be the decrease in the heat loss, because the stronger DC magnetic field keeps the plasma flow away from the quartz tube. On the other hand, both vibrational and electron temperatures varied little in the axial direction. It suggested that these two energy modes were frozen in the flow, as similar in the case of a solid nozzle. This is because these internal energy modes represent much slower relaxation with the translational mode than the rotational mode does 17) .
Electronic excitation temperature also showed no relaxation with the translational mode. Unlike the vibrational and electron temperatures, the electronic excitation temperature tended to slightly increase downstream. At the moment, the reason for this small increase is not clear and further investigations are needed. Comparing Fig. 11 with Fig. 12 , the nonequilibrium between electronic excitation temperature and electron temperature was observed. This may be because of the plasma production process. Considering the plasma production process, the input power from the RF coil is first imparted to free electrons, and then imparted progressively to heavier particles by collisions. The collisions are considered to be not enough to reach the equilibrium between electronic excitation mode and electron translational mode under the present pressure. 
Conclusions
Thermal nonequilibrium processes of the plasma flow in magnetic nozzle were studied in the present study. The axial distributions of the plasma temperatures were determined by emission spectroscopy. It was successfully confirmed by the experiments that the rotational temperature tended to equilibrate with the translational temperature, and the vibrational, electronic excitation, and electron temperatures tended to be frozen as often seen in the conventional solid nozzle.
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